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epilepsy with Rolandic-sylvian onset seizures. In
addition, the effects of ESM on ENM and atypical
absences suggest the involvement of thalamo-cortical
circuitry in the epileptic network. ABPE is a unique
age-related epilepsy involving the Rolandic-sylvian plus
thalamo-cortical networks in the developing brain of
children.
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Objective: Recently, COL4AT mutations have been reported in porencephaly and other cerebral vascular diseases,
often associated with ocular, renal, and muscular features. In this study, we aimed to clarify the phenotypic spectrum
and incidence of COL4AT mutations.

Methods: We screened for COL4AT mutations in 61 patients with porencephaly and 10 patients with schizencephaly,
which may be similarly caused by disturbed vascular supply leading to cerebral degeneration, but can be
distinguished depending on time of insult.

Results: COL4A1 mutations were identified in 15 patients (21%, 10 mutations in porencephaly and 5 mutations in
schizencephaly), who showed a variety of associated findings, including intracranial calcification, focal cortical
dysplasia, pontocerebellar atrophy, ocular abnormalities, myopathy, elevated serum creatine kinase levels, and
hemolytic anemia. Mutations include 10 missense, a nonsense, a frameshift, and 3 splice site mutations. Five
mutations were confirmed as de novo events. One mutation was cosegregated with familial porencephaly, and 2
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mutations were inherited from asymptomatic parents. Aberrant splicing was demonstrated by reverse transcriptase
polymerase chain reaction analyses in 2 patients with splice site mutations.

Interpretation: Our study first confirmed that COL4AT mutations are associated with schizencephaly and hemolytic
anemia. Based on the finding that COL4A71 mutations were frequent in patients with porencephaly and
schizencephaly, genetic testing for COL4A1 should be considered for children with these conditions.

ype IV collagens are basement membrane proteins

that are expressed in all tissues, including the vascula-
ture. COL4A1 (a1 chain) and COL4A2 (o2 chain) are
the most abundant type IV collagens, and form hetero-
trimers with a 2:1 stoichiometry (xlala2).! Mutations
in COL4A1 and COL4A2 cause sporadic and hereditary
porencephaly, a neurological disorder characterized by
fluid-filled cysts in the brain that often cause hemiplegia
or tetraplegia.”™ In addition, a variety of clinical pheno-
types, including small vessel disease affecting the brain,
eyes, and kidneys, are associated with COL4AI abnor-
mality™®: neonatal porencephaly and adult stroke,” spo-
radic extensive bilateral porencephaly resembling hydra-
nencephaly,® leukomalacia ~ with
intracranial calcification,” HANAC (hereditary angiopa-
thy with nephropathy, aneurysm, and muscle cramps)
syndrome,’®'! Axenfeld-Rieger anomaly with leukoence-
phalopathy, and adult stroke and intracerebral hemor-
rhage.’*'* Notably, COL4Al mutations were present in

periventricular

2 patients with muscle-eye-brain/Walker—Warburg syn-
drome (MEB/WWS), which is characterized by ocular
dysgenesis, neuronal migration defects, and congenital
muscular dystrophy, suggesting that COL4Al is also
involved in normal cortical and muscular development in
humans.’® Consistent with this hypothesis, a mouse
model of a heterozygous COL4AI mutation (Coldal™
Aed0) showed ocular dysgenesis, cortical neuronal local-
ization defects, and myopathy, along with cerebral hem-
orthage and porencephaly.>'®> The phenotypic spectrum
of COL4AI mutations is expanding; however, the whole
specttum of systemic phenotypes and the incidence of
COL4AI mutations associated with porencephaly has not
been systemically examined.

In this study, we screened for COL4AI mutations in
61 patients with porencephaly and 10 patients with schi-
zencephaly, which may be similarly caused by disturbed
vascular supply leading to cerebral degeneration, but can
be distinguished depending on time of insult’~*'®'
COL4Al mutations were identified in 10 patients with
porencephaly and 5 patients with schizencephaly, who
showed a variety of associated findings, including intracra-
nial calcification, focal cortical dysplasia (FCD), ocular
abnormalities, pontocerebellar atrophy, myopathy, elevated
serum creatine kinase levels, and hemolytic anemia. Our
study demonstrated the importance of genetic testing for
COL4A1 in children with porencephaly or schizencephaly.

January 2013
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Patients and Methods

Patients

A total of 61 patients with porencephaly including a previous
cohort with porencephaly,* and 10 patients with schizencephaly
including a patient who also had porencephaly were analyzed for
COL4A1 mutations. Schizencephaly is defined as transmantle
clefis bordered by polymicrogyria in adjacent cortex.'® The clefts
extended through the entire hemisphere, from the ependymal lin-
ing of the lateral ventricles to the pial covering of the cortex."”
The clefts are further divided into those with closed lips and those
with open lips. In the clefts with closed lips, the walls affix each
other directly, obliterating the cerebrospinal fluid space within the
cleft at that point.”® COL4A2 mutations were negative for these
patients. Genomic DNA was isolated from blood leukocytes
according to standard methods, and amplified using an illustra
GenomiPhi V2 DNA Amplification Kit (GE Healthcare, Buck-
inghamshire, UK). The DNA of familial members of patient 6
was isolated from saliva samples using Oragene (DNA Genotek,
Kanata, Ontario, Canada). Experimental protocols were approved
by the committee for ethical issues at Yokohama City University
School of Medicine. All patients were investigated in agreement
with the requirements of Japanese regulations.

Mutation Analysis ‘

Exons 1 to 52, covering the entire COL4A1 coding region, were
examined by high-resolution melting (HRM) curve analysis.
Samples showing an aberrant melting curve pattern in the HRM
analysis were sequenced. Polymerase chain reaction (PCR) pri-
mers and conditions are shown in Supplementary Table S1. All
novel murations were verified using original genomic DNA, and
screened in 200 Japanese normal controls by HRM analysis. For
the family showing de nove mutations, parentage was confirmed
by microsatellite analysis, as previously described.®’ Biological
parents were confirmed if >4 informative markers were compati-
ble and other markers showed no discrepancy.

Reverse Transcriptase-PCR

Reverse transcriptase (RT)-PCR using total RNA extracted
from lymphoblastoid cell lines (LCL) was performed essentially
as previously described.* Briefly, total RNA was extracted using
RNeasy Plus MiniKit (Qiagen, Tokyo, Japan) from LCL with
or without 30puM cycloheximide (CHX; Sigma, Tokyo, Japan)
incubation for 4 hours. Four micrograms total RNA was sub-
jected to reverse transcription, and 2ul ¢cDNA was used for
PCR. Primer sequences are ex20-F (5'-CCCAAAAGGTTTCC
CAGGACTACCA-3) and ex22-R (5-GTCCGGGCTGACAT
TCCACAATTC-3'; for patient 4); and ex22-F (5'-GAATTC-
CAGGGCAGCCAGGATTTAT-3') and ex24-R (5'-CATCTCT
GCCAGGCAAACCTCTGT-3'; for patient 7). DNA of each
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PCR band was purified by QIAEXII Gel extraction kit (Qia-
gen; for patient 4) and E.ZN.A. poly-Gel DNA Extraction kit
(Omega Bio-Tek, Norcross, GA; for patient 7), respectively.

Results

Mutation and RT-PCR analysis

COL4Al abnormalities were identified in 15 patients
(Fig 1 and Table). Nine mutations occurred at highly
conserved Gly residues in the Gly-X-Y repeat of the col-
lagen triple helical domain. Interestingly, a missense
mutation (c.4843G>A [p.Glul615Lys]) at an evolution-
ary conserved amino acid and a nonsense mutation
(c.4887C>A [p.Tyr1629X]) were found in the carboxy-
terminal noncollagenous (NC1) domain. The other 4
mutations include a frameshift mutation (c.2931dupT
[p.Gly978TrpfsX15]) and 3 splice site mutations
(c.1121-2dupA, ¢.1382-1G>C, and c.1990+1G>A).
None of these mutations was present in 200 Japanese
normal controls, and Web-based prediction tools sug-
gested that these mutations are pathogenic (Supplemen-
tary Table S2). The c.2842G>A (patient 1), ¢.3976G>A
(patient 2), c.4887C>A (patient 8), c.2689G>A (patient
13), and ¢.1990+1G>A (patient 14) mutations occurred
de novo. The c.3995G>A mutation (patient 3) was not
found in the mother’s DNA (the father's DNA was
unavailable). The ¢c.1121-2dupA (patient 4) and
¢.2931dupT (patient 6) mutations were found in the
asymptomatic fathers. ¢.1963G>A (patient 10) was
found in familial members affected with porencephaly as
well as asymptomatic carriers, suggesting incomplete pen-
etrance of the mutation (Supplementary Fig S1). The
remaining patients’ parental DNA was unavailable.

To examine the mutational effects of the 2 splice
acceptor site mutations (c.1121-2dupA and c.1382-
1G>C), RT-PCR and sequencing were performed (see
Fig 1). ¢.1121-2dupA caused the deletion of exon 21
from the wild-type COL4A1 mRNA, resulting in an in-
frame 55-amino acid deletion (p.Gly374_Asn429delin-
sAsp). The effect of ¢.1382-1G>C was more compli-
cated. There were 3 PCR products amplified from LCL
treated with CHX, which inhibits nonsense-mediated
mRNA decay (NMD). The middle band corresponded
to the wild-type allele. The sequence of the lower mutant
band showed a 33bp insertion of intron 22 and an 84bp
deletion of all of exon 23 from the use of cryptic splice
acceptor and donor sites within intron 22. The change
of amino acid sequence from this mutant transcript was
a deletion of 29 amino acids and an insertion of 12
amino acids (p.Gly461_Gly489delinsValHisCysGlyAsp-
PheTrpSerHisValThtArg). The upper band was only
observed in CHX-treated LCL, but was not evident in
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the untreated LCL, suggesting that this mutant transcript
may undergo NMD. Sequencing of the upper band
showed a 61bp insertion of intron 22 from the use of a
cryptic splice acceptor site within intron 22, as men-
tioned above. The product of this mutant transcript leads
to a frameshift, creating a premature stop codon
(p-Gly461ValfsX31), which is consistent with degradation
of the mutant transcript by NMD.

Clinical Features

The clinical information for individuals with COL4A1
mutations is summarized in the Table, and their repre-
sentative brain images are shown in Figure 2 and Supple-
mentary Fig §2. COL4AIl mutations were identified in
10 of 61 patients with porencephaly (16.4%). Of note,
COL4AI mutations were identified in 5 of 10 patients
with schizencephaly (50.0%), revealing a novel associa-
tion between COL4AI mutations and schizencephaly.
Thirteen patients were born at term, and 2 patients
(patients 1 and 12) were born at preterm. Their body
weight was normal at birth except for 5 patients (patients
3,4, 9, 12, and 15) who were below —2.0 standard devi-
ations. The occipitofrontal circumference was available in
12 patients, and 6 patients (patients 2, 3, 6, 13, 14, and
15) were below —2.0 standard deviations. Two patients
(patients 11 and 12) were confirmed to have an antenatal
hemorrhage as previously reported.”>?* Among associated
findings with COL4A] mutations, a patient showed
FCD that was histologically demonstrated (Fig 3A-F). In
addition, hemolytic anemia was found in 5 of 15
patients, suggesting that hemolytic anemia may be a
novel feature associated with COL4AI muration. Ponto-
cerebellar atrophy along with severe bilateral porence-
phaly was observed in 2 patients, and a patient showed
cerebellar hypoplasia. Previously reported magnetic reso-
nance imaging and systemic findings associated with
COL4AI mutations were also observed, including intra-
cranial calcification (7 of 15), myopathy (1 of 15; see Fig
3G, H), ocular abnormalities (4 of 15), and elevated se-
rum creatine kinase levels (6 of 15), confirming that
these features are useful signs for COL4A1 testing. Case
reports are available in the Supplementary Data.

Discussion

We found a total of 15 novel mutations in this study.
Nine mutations occurred at highly conserved Gly resi-
dues in the Gly-X-Y repeat of the collagen triple helical
domain, suggesting that these mutations may alter the
collagen IV «lala2 heterotrimers.”*> We reported for
the first time 2 mutations (a nonsense and a missense
change) in the NC1 domain. The nonsense mutation
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FIGURE 1: COL4A1T mutations in patients with porencephaly or schlzencephaly (A) Functlonal domams of COL4A1 protein.
The locations of 12 mutations, including 10 missense mutations (bottom), a nonsense mutation, and a frameshift mutation (top)
are indicated by arrows. The 7S domain is highlighted with blue and the NC1 domain with red. Gly-X-Y repeats within the col-
lagen triple helical domain are highlighted with yellow. All of the missense mutations occurred at evolutionary conserved
amino acids. The positions of the conserved Gly residues in the Gly-X-Y repeats are highlighted in gray. Homologous sequen-
ces were aligned using CLUSTALW (http://www.genome.jp/tools/clustalw/). (B) The ¢.1121-2dupA mutation in intron 20 is col-
ored red. Sequences of exons and introns are presented in upper and lower cases, respectively. (C) Reverse transcriptase (RT)-
polymerase chain reaction (PCR) analysis of patient 4 and his parents. (D) Schematic presentation of the wild-type (WT; upper)
and mutant (lower) transcripts and primers used for analysis. A single band (500bp), corresponding to the WT allele, was ampli-
fied using the mother's cDNA template. Conversely, a lower band was detected from the cDNA from the patient and his fa-
ther. In the mutant transcript, the 165bp exon 21 was deleted. Sequences of exons and introns are presented in upper and
lower cases, respectively. (E) The ¢.1382-1G>C mutation in intron 22 is colored red. (F) RT-PCR analysis of patient 7 and a con-
trol. (G) Schematic representation of the WT and mutant transcripts, and primers used for analysis. A single band (183bp), cor-
responding to the WT allele, was amplified using a control cDNA template. Conversely, upper and lower bands were detected
from the patient’s cDNA. The upper band (244bp), which was observed only in cycloheximide (CHX)-treated cells, had a 61bp
insertion of intron 22 sequences, leading to a frameshift. Absence of the upper band in untreated lymphoblastoid cell lines
strongly suggests that the mutant transcript may undergo nonsense-mediated mRNA decay. The lower band had a 33bp inser-
tion of intron 22 and 84bp deletion of the whole of exon 23, leading to an in-frame 51bp deletion.
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c2842G>A
(p-Gly948Ser)

de novo

TABLE: Clinical features of patients with COL4A1 mutations

Bilatera] POCE,
calcification,
hemosiderin
deposition

c.3976G>A
(p-Gly1326Arg)

de novo

Bilateral SCZ,
calcification,
hemosiderin
deposition

c3995G>A
(p.Gly1332Asp)

Absent in

mother

Unilatoral SCZ, SO

calcification,
hemosiderin
deposition

c.1121-2dupA”

 C1835G>A

(p-Gly612Asp)

‘c_2‘9‘3'1dﬁpT“ B
(p.Gly978TrpfsX15)

Paternal

Unilateral POCE

ND

Parernal

Bilateral SCZ,
calcification,
thin CC, thin

brain stem,

cerebellar atrophy,

absence of SP,
hemosiderin
deposition,
multicystic
encephalomalacia,

Unilateral POCE

c.1382-1G>C?

ND

Unilateral POCE

Optic
nerve

hypoplasia

c4887C>A
(p. Tyr1629X)

de novo

Unilateral POCE

c.4843G>A
(p.Glul615Lys)

ND

Hematuria

Bilateral POCE,
calcification,
hypoplastic CC,
hemosiderin
deposition, thin

R Microphthalmia -

Corneal opacity
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[ TABLE (Continued)

brain stem, cerebellar
atrophy, multicystic
encephalomalacia

c.1963G>A
(p.Gly655Arg)

Paternal®

Bilateral POCE

POCE, Epi

¢.2608G>A
(p-Gly870Arg)

ND

Unilateral POCE,

calcification

Congenital
cataract

c.3245G>A
(p.Gly1082Glu)

Unilateral SCZ with
bilateral POCE,
calcification,
cerebellar
hypoplasia

Congenital
cataract

c.2689G>A
(p.Gly897Ser)

de novo

Unilateral POCE

c19904+1G>A

e
(p.Gly1041Glu)

de novo

Unilateral POCE,
hemosiderin
deposition

Unilateral SCZ,
hemosiderin
deposition
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FIGURE 2: Computed tomography (CT) scan (A, D) and magnetic resonance imaging (MRI; B, C, E-L) of patients with COL4AT muta-
tions. (A-C) Images of patient 1. (A) The CT scan shows calcification along with the dilated lateral ventricular wall. (B) T2-weighted
and (C) T1-weighted images (WIs) at 5 years of age showing bilateral porencephaly. (D) The CT image of patient 2 with schizence-
phaly shows calcification of the lateral ventricular wall and brain parenchyma. (E, F) T1-Wls of patient 3 show unilateral schizence-

phaly at 15 months of age. (G) T2-WI of patient 4 at 3 years of age shows parenchymal defect of the left thalamus and basal ganglia
due to subependymal hemorrhage. (H) Fluid-attenuated inversion recovery image of patient 7 at 6 years of age showing unilateral
porencephaly. (I} T2-WI, (J) T2*-weighted gradient-echo image (WGRE), and (K) T1-WI of patient 9. (I} The MRI at 2 months of age
shows bilateral porencephaly with low-intensity lesions along with a deformed ventricular wall, which has hemosiderin deposition
and calcification. (J) T2*-WGRE showing hemosiderin deposition in the atrophic cerebellum. The atrophic pontocerebellar structures
are also shown in (K). (L) T1-WI of patient 15 showed schizencephaly in the left hemisphere at 2 years of age.
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FIGURE 3: Histopathological features of the resected fron-
tal tissue of patient 4 (A-F) and biopsied rectus abdominis
muscle of patient 7 (G, H). (A) Low-magnification view of
the cortex showing architectural abnormalities. (B, C) Two
examples of neuronal clustering. (D) Many neurons scat-
tered within the subcortical white matter. (E, F) Two serial
sections demonstrating the superficial layer of the cortex.
Note that the basal lamina of the pia mater (arrows in each
panel) is continuously labeled with antibodies against colla-
gen type IV (E) and laminin (F). (A-D) Kliiver-Barrera stain.
(E, F) Immunostained and then counterstained with hema-
toxylin. {G) Hematoxylin and eosin staining showing varia-
tion in fiber size, slightly increased endomysial connective
tissue, and internal nuclei. (H) Adenosine triphosphatase (pH
4.5) staining showing type 2B fiber deficiency. There was no
increase in number of type 2C fibers. Scale bars indicate
175um (A, E, F), 30gm (B, C), 80gm (D), and 30xm (G, H).

would cause a truncation of the NC1 domain rather
than mRNA degradation by NMD as the mutation was
located within 50bp of the exon—intron boundary of the
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second to last exon (exon 51).2° The NC1 domains are
the sites for molecular recognition through which the
stoichiometry of chains in the assembly of triple-helical
formation is directed'; therefore, these 2 mutations may
alter the assembly of the collagen IV alala2 hetero-
trimers. In addition, the effect of 2 splice site mutations
was examined using LCL, suggesting that in-frame dele-
tion/insertion mutant protein should be produced. Thus,
it is highly likely that impairment of the collagen IV
olola? heterotrimer assembly caused by mutant «l
chain is a common pathological mechanism of COL4AI
mutations. The ¢.2931dupT mutation found in patient 6
and his father might cause severe truncation of COL4A1
protein. It is possible that the truncation of COL4Al
protein can also impair alala2 heterotrimer assembly
similar to substitutions of conserved Gly residues in the
Gly-X-Y repeat. Alternatively, the mutant transcript
might undergo NMD, and haploinsufficiency of
COL4AI might cause a weakness of basement mem-
brane. Biological analysis using padents’ cells will clarify
these possibilities.

COL4A1 mutations in schizencephaly were first
demonstrated in this study. Schizencephaly was used by
Yakovlev and Wadsworth in 1946 to describe true clefts
formed in the brain as a result of failure of development
of the cortical mantle in the zones of cleavage of the pri-
mary cerebral fissures."” Schizencephaly is differentiated
from clefts in the central mantle that arise as the result
of a destruction of the cerebral tissues, which they called
encephalocrastic porencephalies, now known simply as
porencephaly.'® Schizencephaly has been understood as a
neuronal migration disorder, because the clefts are lined
by abnormal gray matter, described as polymicrogyria.
Conversely, porencephaly is understood to be a posumi-
gration accident resulting in lesions, without gray matter
lining the clefts or an associated malformation of cortical
development. It has been suggested that both schizence-
phaly and porencephaly are caused by encephaloclastic
regions, and can be distinguished depending on time of
insult."®” The present study clearly demonstrated that
COL4AI mutations caused both porencephaly and schi-
zencephaly, supporting the same pathological mechanism
for these 2 conditions.

The genes responsible for FCD have been elusive,
despite extensive investigation. The pathological features
of the cortical tubers of tuberous sclerosis (TSC) may be
indistinguishable from those of FCD. Apart from FCD
due to TSC, there is only 1 gene that may explain the
genetic basis of FCD, where a homozygous mutation in
CNTNAP2 has been identified in Amish children with
FCD, macrocephaly, and intractable seizures.”” Surpris-
ingly, the present study discovered a patient with FCD
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and porencephaly, in whom aberrant splicing was dem-
onstrated and FCDI1A was pathologically confirmed
using resected brain tissues. A recent report revealed
COL4Al mutations in 2 patents with MEB/WWS
showing cobblestone lissencephaly,'®> and abnormal corti-
cal development has been observed in mouse models of
COL4AI mutations.”>*® Thus, it is possible that
COL4AI mutations are involved in cerebral cortical mal-
formations, including FCD. Identification of a greater
number of cases is required to confirm the association
between COL4AI1 mutations and cortical malformations
in humans.

In a few children, the sequelae were much more
severe than would be expected on the basis of their imag-
ing findings. This is of importance when counseling
parents with regard to prediction of neurodevelopmental
outcome.

Two patients with COL4A1 mutations showed in-
tracranial calcification, pontocerebellar atrophy, ocular
abnormalities, and hemolytic anemia associated with
severe bilateral porencephaly (patient 9) or schizence-
phaly (patient 5). Severe hemorrhagic destructive lesions
in the cerebrum were observed in these patients, and T2*
images also showed hemorrhage in the cerebellum, which
may have resulted in a thin brainstem and severe cerebel-
lar atrophy. Thus, these 2 patients could be considered as
the most severe manifestations affecting the developing
brain and eyes. A common feature of the 2 patients is
hemolytic anemia of an unknown cause, which required
frequent blood transfusions. Five of 15 patients with
COL4A1 mutations showed hemolytic anemia. Interest-
ingly, 2 reports have demonstrated that mouse Col4al
mutants showed a significant reduction in red blood cell
(RBC) number and hematocrit.?®?° Given that Col4al
mutations lead to hemorrhage, chronic hemorrhage is
possibly involved in RBC loss. Alternatively, the Coldal
mutation may directly affect blood progenitor cells, as
they transmigrate across basement membranes before
entering the peripheral blood.>® Hemolytic anemia in
patients with COL4AI mutations would imply the latter
explanation. Further studies are required to clarify how
COL4A1/Col4al mutations are involved in anemia.

In summary, we found 15 mutations in COL4AI
among 71 patients with porencephaly or schizencephaly,
showing an unexpectedly high percentage of mutations
(about 21%) in these patients. Fourteen patients with
COL4AIl mutations had no family history of cerebral
palsy. The 15 patients with COL4AI mutations showed a
variety of phenotypes, further expanding the possible
clinical spectrum of COL4Al mutations to include
schizencephaly, FCD, pontocerebellar atrophy, and he-
molytic anemia. Genetic testing for COL4AI should be
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recommended for children with porencephaly and
schizencephaly.
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Brain Malformations and Genetic Factors

Mitsuhiro Kato, M.D."

Department of Pediatrics, Yamagata University Faculty of Medicine

Historically, brain malformations have been classified based on a postmortem examination. The advancement
and spread of neuroimaging techniques, particularly magnetic resonance imaging, has made it easier to identify
many types of brain malformations, but it has also made classify them more complicated. Moreover, the unveiling
of the genes responsible for brain malformations has dramatically changed the classification scheme itself and
now most doctors have trouble following it. Although the relationship between genotype and phenotype is com-
plicated, it can be divided into two types, locus heterogeneity and pleiotropy. One of the representative diseases
demonstrating locus heterogeneity is holoprosencephaly, which shows an identical disorder of forebrain cleavage
caused by 14 genes, such as SHH and ZIC2, involved in a ventrodorsal patterning of the early prosencephalon.
The ARX gene shows a typical pleiotropic effect and its mutation causes a wide range of developmental distur-
bances ranging from severe brain malformations, such as hydranencephaly and lissencephaly, to nonmalformative
forms of epileptic encephalopathies, such as Ohtahara syndrome and West syndrome, dyskinetic cerebral palsy,
and nonsyndromic mental retardation with a strong genotype—phenotype correlation. Accurate diagnosis based on
the most recent knowledge is critical for precise prediction as well as genetic counseling.
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Table 1 Classification profile for malformations of cortical development (modified from ref. 1)

| . Malformations secondary to abnormal neuronal and glial proliferation or apoptosis

Severe congenital microcephaly
Megalencephaly

S ompF

(DNET, ganglioglioma)

II. Malformations due to abnormal neuronal migration

>

Malformations with neuroependymal abnormalities
(periventricular heterotopia)

Cortical dysgenesis with abnormal cell proliferation but without neoplasia
(hemimegalencephaly, focal cortical dysplasias [FCD] type Il, and tuberous sclerosis)
Cortical dysgenesis with abnormal cell proliferation and neoplasia

B. Malformations due to generalized abnormal transmantle migration

(lissencephaly and subcortical band heterotopia)

C. Malformations presumably due to localized abnormal late radial or tangential transmantle migration

D. Malformations due to abnormal terminal migration and defects in pial limiting membrane
(Walker-Warburg syndrome, muscle-eye-brain disease, Fukuyama congenital muscular dystrophy, and
congenital muscular dystrophy with cerebellar hypoplasia)

llil. Malformations due to abnormal postmigrational development
A. Malformations with polymicrogyria (PMG) or cortical malformations resembling PMG

(schizencephaly)

B. Cortical dysgenesis secondary to inborn errors of metabolism
(mitochondrial and pyruvate metabolic disorders, peroxisomal disorders)
C. Focal cortical dysplasias (without dysmorphic neurons, FCD types I, III)

D. Postmigrational developmental microcephaly

WBEoK BRal L siche ), BHER, HEAT
BTz, Ei2 MRI TR L MO SEBFPICE T E SEX
NTw3 (Table 1)V, FEREETRE &9 TREMBIIX
WEERETH Y, BED LICOENER S M
LT3, FRELZHIBZEICEOTHHBEE FE
DY RACEBHERKICHEATH D, BHFODEZHHHE
BH 35,

EIGE & RIREL DIARIBAR

BEFBTEHR OES L, MERBESFREET
NEHEE SN, FEERERT & MRS OMEEEL
P TC E, HRHESEREECE>TATY
ME OB L, —REMTH D (Fig.1), &
BFEEBFHRREOBRL L THEINZEREOBMR
\&, EERZEE M (locus heterogeneity) & ZHEiFEB (pleio-
tropy) D 2 DXy s, EAEENEL I, REEL
DEBEFEMDIRE ZERODBEFIC Lo TH—DER
RHSRDSNBERTH Y, EMREEIRB IR
BE L 2 REREETFOHRESHEIC R 2, SHARL
ik, —2DBEFI > T—REBRLEROREA Y
ETZEThh, ALEBRTOERTHIERICESHN

ARX Hydranencephaly

LIs1 Agenesis of the corpus

DCX callosum
Lissencephaly

RELN
Subcortical band
VLDLR heterotopia
TUBAIA Cerebellar hypoplasia

FLNA . .
> Periventricular nodular
ARFGEF?2 heterotopia
Fig.1 Causative genes responsible for
neuronal migration disorders
The left side shows the gene symbols linked with
the associated disorders on the right side. Note that

both ARX and TUBAIA show pleiotropy and that
lissencephaly shows locus heterogeneity.

LB,

BT EEME R TRENGREZRER & L T2ailkiE
EMZEIToNS (Fig.2). SHIMIEER, £HOKME
REERT 2RIMOEBHZEIEEINTHEE»Z O
FEWo R, EADDHENEEINRETHSY, 13
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Syndromic (associated
with other malformation
syndromes)

Chromosomal aberrations:
Trisomy 13, 18, etc.

Fig. 2 Locus heterogeneity in holoprosence-
phaly
Holoprosencephaly is a distinct disease with
different etiologies. Each arrow’s size indicates the
relative frequency of its etiologies.

FPUYVEI—218 FUYI—IZHHETEIEL, aLVXT
0 — AR 295608 & § % Smith-Lemli-Opitz fEERE
KHRLPTL, iﬁﬁﬂfﬁ*bﬂ%ﬁf'& EHUEHR G R E 2D
85, FKRETIEH—B{BETFRENRE L, Vov Iy
Chy S (SHH)Y, ZIC2 7 EHIROIEFHE IS
MR OBERIC X o TaNMKESE iR Sh
%2,

% it FE W % ’Zl"i"sfﬁ*“"’éﬂ’ﬂ&‘iﬁff;f“ i, y 73/ i
(GABA) fEBIME RN = 2 — 0 Y DRAE PG T
ARX BIETFTH B (Fig.3). K Rz B A fr——:L'U
W PEIEECAZ R CRE A S 4, BB U TR IR
#4) (tangential migration) L, MBI T OMMZEHID &K
BHRIZHD) (radial migration) T3EH 2 - &t
PR D, Frery ABEBRRP7 L LYY
FEER E ARX & VS DL s T HHERERY
KERTHEE P TOYIATHARBMAIEZ 2 —1 v 8K
L, & M TEAMESRE 2 XOMEEHIRES L <
HAREERE (XLAG) % &7:979 XLAG ikt FTIEL
& T tangential migration O BHE D S D lc TN BB
THY, ~TEAMUEOBE TR BREE (1
70% VX ATSIDSEEMA], HUELMERME O grade 3) & MK
Huomz, MEZ, EEELE CIMERORIBIRE R
I FERIEIERICEETH D, PR Lo T

BUEIEASE £ b, @ CER 24 BHBAK S A 70—
RAEEET HUHRTENEEZ LT, B ER 14

UM HEE T 29, ARX HEREMEARZ B L PR RIE T3,
BB DS R RIE R, 5, ARX DR U T 7=V
GIOMEAERY C RO T Y AT L AP XA il
T BRI, ARX OO TH ZIEBEIIHIZIE £ F

O HEEHEHERARTH D, IR &b v KR
FEMRRER West JEMREER EDTADAMENMIED 2, &

254 otiE 2% 4%

Malformation group Nonmalformation group
{Loss-of-function mutation) (Gain-of-function mutation)

Hydranencephaly Ohtahara syndrome)
West syndrome )

Lissencephaly ARX

Myoclonic epilepsy)

Dystonia )
Agenesis of the i
corpus callosum Mental retardahon)

Fig.3 Pleiotropic mutations in ARX:
“Interneuronopathies”

Mutations of the ARX gene cause malformative or
nonmalformative disorders. The malformation group
is caused by the loss—of-function mutation, while
the nonmalformation group is caused by the gain—of-
function mutation. Both of these disorders are
designated as interneuronopathies in view of the
fact that the ARX gene is crucial to the development
of GABAergic internewrons of the forebrain.

“%%L%@ﬁwataﬂm>mm”‘
B O MART & RTINS HHBIBI R R R L, Ak
B SNE= 2 — 0 v DI I i@!‘?ﬂ?‘ LEEZS
, "HfE= 2 —u ¥ (interneuronopathies) ) & L T®
Baicig sn 39,

HHbIC

BRI EFE 22 Che {, AP RIBEERER &
DHESLDEE L, KRy —r v —DHBRIZZ
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d\ﬁ_ﬁif\, FHETHICAOBEBEERSERIEE S, H

WEEICB LT L BBEONEASRD 5 N3 RKUHEH D
AIE> T 5, BORTIRREER G S FIEL D R
DETA 70T LA BEPEEREDOHE ERIC L >
TL3Itbrb 6T, HAROREHED T TERD S
T, BHEFLE D RS SR E 2 4, FEIME & ol
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BB ORI L QORISR O MG cdh 5, 4
H ORiFE T3 EFE W 2 RIS E OGRS & RS 1%
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w.ac.jp/Ped/medical/neurology_top.html) %
FrursEneeh 2.

> (http://www.id.yamagata-
F B G i E

X W

1) Barkovich AJ, Guerrini R, Kuzniecky RI, Jackson GD,
Dobyns WB: A developmental and genetic classification

201344 H



for malformations of cortical development: update 2012.
Brain 135: 1348-1369, 2012.

Dubourg C, David V, Gropman A, Mercier S, Muenke M,
Odent S, Pineda-Alvarez DE, Roessler E: Clinical utility
gene card for : Holoprosencephaly. Eur ] Hum Genet 19
preceeding 118-120, 2011.

Kato M, Das S, Petras K, Kitamura K, Morohashi K, Abu-
elo DN, Barr M, Bonneau D, Brady AE Carpenter NJ,
Cipero KL, Frisone E Fukuda T, Guerrini R, Iida E, Itoh
M, Lewanda AF, Nanba Y, Oka A, Proud VK, Saugier-
Veber P, Schelley SL, Selicorni A, Shaner R, Silengo M,
Stewart E Sugiyama N, Toyama J, Toutain A, Vargas AL,
Yanazawa M, Zackai EH, Dobyns WB: Mutations of ARX
are associated with striking pleiotropy and consistent
genotype-phenotype correlation. Hum Mufat 23:147-
159, 2004.

Kato M, Das S, Petras K, Sawaishi Y, Dobyns WB: Poly-
alanine expansion of ARX associated with cryptogenic
West syndrome. Neurology 61: 267-276, 2003.

Kato M, Dobyns WB: Lissencephaly and the molecular
basis of neuronal migration. Hum Mol Genet 12 Spec No
1: R89-96, 2003.

Kato M, Dobyns WB: X-linked lissencephaly with abnor-
mal genitalia as a tangential migration disorder causing
intractable epilepsy: proposal for a new term,
“interneuronopathy”. J Child Neurol 20 : 392-397, 2005.
Kato M, Koyama N, Ohta M, Miura K, Hayasaka K:
Frameshift mutations of the ARX gene in familial Ohta-

hara syndrome. Epilepsic 51 1679-1684, 2010.

Kato M, Nanba E, Akaboshi S, Shithara T, Ito A, Honma T,
Tsuburaya K, Hayasaka K: Sonic hedgehog signal peptide
mutation in a patient with holoprosencephaly. Ann Neu-
rol 47 514-516, 2000.

Kato M, Saitoh S, Kamei A, Shiraishi H, Ueda Y, Akasaka
M, Tohyama J, Akasaka N, Hayasaka K: A longer poly-
alanine expansion mutation in the ARX gene causes early
infantile epileptic encephalopathy with suppression-burst
pattern (Ohtahara syndrome). Am J Hum Genet 81: 361-
366, 2007.

Kitamura K, Yanazawa M, Sugiyama N, Miura H, lizuka—
Kogo A, Kusaka M, Omichi K, Suzuki R, Kato-Fukui Y,
Kamiirisa K, Matsuo M, Kamijo S, Kasahara M, Yoshioka
H, Ogata T, Fukuda T, Kondo I, Kato M, Dobyns WB,
Yokoyama M, Morohashi K: Mutation of ARX causes
abnormal development of forebrain and testes in mice and
X-linked lissencephaly with abnormal genitalia in humans.
Nat Genet 32 : 359-369, 2002,

Muenke M: Holoprosencephaly Overview. in:

GeneReviews. (http:/ /www.ncbi.nlm.nih.gov/books/
NBK1530/)

Quille ML, Carat S, Quemener-Redon S, Hirchaud E,
Baron D, Benech C, Guihot J, Placet M, Mignen O, Ferec
C, Houlgatte R, Friocourt G High-throughput analysis of
promoter occupancy reveals new targets for Arx, a gene
mutated in mental retardation and interneuronopathies.
PLoS One 6: 25181, 2011.

2 B
W RER SEET
g Sl

RERREDSHER, FREGCFEMEERFICEIVTHECLCERENTVDS. RRELD
EERE SRR ORMEIEMIZH, BURENESERRD 2 DICHITSND. BUREHRERT
RKRH2AMESETH D, SHH, ZIC2 1§ LRIRIEANLICES T 2 S HGBEFOERIC K> TE—D
RERHREND. —7, PERERORRD AR ELTFTHD, HERKEEIREREERELT
D, BEEESEREMEAERZHDIEVERER P TAD A EIBLVWSHRIERIRREERY . M
HEBDEGTFERIESHELL, BRHMOBRICEDVEZENZER L.

Bt 22 | 262-255, 2013

Jpn ] Neurosurg VOL.22 N0.4 2013.4 255

BRI page 43



4. BETERICKDEXREE

2) BRE (

.

RSB R RIE)

» EFHRDUA

IWEAZESEIERSEE REEIA

S

R

AJ IBLBIC

ISR B R EE, BNE, RFIEREE, /VRE,
Miller-Dieker &8

B B IE lissencephaly &, B E DIEASE <
GOFELRNERNZET2HEETHY, I
A 6 ~20:BICINE O { THERE L 7wl
DB 5B ORE T U 2R
MEBREESVEDTH ALY, LENIEL
BEREH VA b7 4 =R T 50K
TEREE D T AR & i h Cwiz2s, 3
TEI3 HL A FREL B IZ X cobblestone cortical
dysplasia & LCTHRESI N TwW B, $RFEOWH
JR0E 1 7 8 B3 B BE classical lissencephaly
EERL, BIEFZZEEHIC—DOOMET
TR & N B NNl agyria &, BB OIR LA
WS R DBNTEIC X o THIBEDSHIRRIC XD
55 E N E pachygyria 2STRERY 2 fE8 T
s (B1). MEPLHEBERF TORE
DESIZHEE 2~ 3mm 727, REOEX,

FIH SN HBREBENC L > TERIN TS
D, MEHBOBEIAEIN TV S ERE T
RN ET10 mm Db, ERE T4~ 9mm

WELRY, BEMEENICD KDL %
6 B ED LR TWEEY, 20D
MR BEIRFES LT, BRETHIREREK
FE B R0 T S R B IR TR VL, /N
BI2SZT b b, TNENOERBIE, W
GERET A & BRI E R L, BIZ T
EMio#ER I )RR S CMHI TS
D, BHOWIEREICEDN L IEMH 2 EHRIE
HARD BN D, KR T, BEEAEE
T AHMRMBEBERITEICOWT, HEHNIIE
MOBRE D & ORI L 5T RED» 5 A
AR, BREROEVWE HEZHEICE
T BEBEEIZOWTRRA,

I. HREBRERME (ENE -
ERE - RETHREERE

TR A BB I, SR O EADSRI
WCERE L, bl U7 A a] & R i 2 e &
TAHHTH D, HHEMIEORE) DB IZF
EETICHENTELL, RETHEMNIZ—
SOt SR 2 BN T 2 BT kR

T990-9565 \LYAR L TERE-2-2

DIRBHEREE Vol66 HITIE 2013 1333 (141)

BIRY page 44



B HEELERMES L — K3
SR ERNME, RN

HIREE (®2) b, EpECERE & FEE
BETFVAFRCTHY, EHE - ERE - RE
THIREFEKAEISERFELTESZS
WTwa?, BREROERER GO EE
BEVCIBIL, RBNAARA NN E % R Ui
L AOLNLVWREEDC L —F 1260
EHrBOCEECHEORIZEREZFEETIC
 WREFHKAEZ RO LBEDT L —F6
FTO6BRBICHTONGY,, WA KD
FL—F1E7L—F27Tik ARE»LE
BRI A7 E—A4 V77 PETIA
MERER (BETAY»A) Z2EL, METHE
Y7 A7 YRR T USRI O SRR H N
PEENTH b, TAPARETEETD
D, LIRS HEE)5E D BEEMSNS
Vo RETHWIRETEKBE ERD S L —
F6 CIIEBBEIHTH LS. TAPAZE
BEERTH D, SkFlE BOBEEOHER
HERIZIZHA L CTh S, EREIERLRD, 7
I A MEEFEOEEIZ10% K & DRy, A
BT HREAERRAEORE L TAPARIEOR
BloEAEEN, FEEPLEEICEFEET
H5,

BEE®D% 13 LISI b LL & DCX #EfEF
LBRTHBH, MBI IR FcEit

1334 (142) /NEFHEEER  Vole6 T 2013

K2 METHREMEREE
BHEAUOREETICRESSESORMEREE
EEGHEICRDS.

RS, MO % 2RMBEFICRE S
BEHEULENRSH D, LIS1E DCX BEOBEIC
METAM/NEOES Y S2ETHY, %
FICXABBERICL > THEBEIHES
nabY, FlsETFE S ICERE? S RETH
REFEKAEEI TSI SILBEOWER
FERL, KRORHEE R CEEREL RN
728, LISI ZBR OB IS B
BEVEETH), DCXEBEOEAIIHE
WCHARFEN L VEETH 5. e %M
LAV E T RIRBETEIR BB ClRTE
B BREEM DB 2 WAL D S
B TU—F2h67L—F5 T TIXEL
MRI OFT BT LISI 872 DCX ER % 8
BITE B, LISI EROBEE, FiBHE
3R TREREDL00% % D THEEZIZIZ
BRSNS, FISH :TL7EHERmiko LISI
DORREMERTHE LD, HEPRRZL L
h 9 BHEREREE % BRIV 5 72912 G-band
HEHOIREERRENRLETH B, T,
REHRED LIS EETY LMo EF 4
PERNHYZLDT, BEFSWIIEHES
HBEEHBD TR ERICBAT A LPES



Lve =7, DCXEROYEE, XHH%E
Th Y EBREIMEL 25, DCXERICL
DBRTIEREZ, R TIERETHIRE
FrEREEZRL, BMREE O REEYH
50T, BIEMHHENFLETH S,

&7 1. Miller-Dieker fE{REE

Miller-Dieker JEfE# 11X, 8 DFEEEET
57— F1OEKEN, JEWETERLMELD
DOREM, BMES, AEEVE, EREo
BIL, BOOELR EORRER EARTEE
P EBERTH 5. EEORHMERREER
2 BL, HERET, #EEoTADA, &
BEEEDIID, WMELZHEVEL, EaFEE
RETHA, € LISI & YWHAE 2 &
17p13. 35D REIC X 5 R ETERE
THY, ZLIRFISHEKC LY BH SN S,
YIWT A LISI B{ETFHICHFET 25613,
LIS] D5 REE L) FISH I THRINT X
eI EbdHor, TOHATDH MLPA &
WX DBETTRETH 5,

M. SHESEREZHED XGEHERRM
) fiE X-linked lissencephaly with
= abnormal genitalia (XLAG)

XLAG BN O BB RE A,
FERIR E RERRE, BEEELRTIFR
CEERERTHL (B3). EEEIDL I
7 u—X A% ERETHEREDTVIRA
BIERRL, T0%HLEBEEEED TH K
M, AREREREE, PREEICL DHEE
FAEBLEUNICETT 5. @flfadil
46, XY 7295, AN, g8, RETH
LR F THEROBRBERE R T, £
2UBFHE P W A% R L, CT TR
BEDPEEDNLEMN T XLAG O REEE
S, VERHBIEEICT S LEF D S,
ENERBRBEENTH Y, $IEREIER
E, BESEREOSL—F3ThHE W

3 SERREEMSD XEHEE)
AISRDERE, BEABEBEIOT L — NI L—ND
g%&”iﬁﬁ&im:mi. WBRRIREEERODEEER

RABW X BB AEM OB (RE) %
v, FEOESIHVWEEbH Y, EREF
TRBE TABATRIB L2 K EREZ 29
b0 WHREZEORPEIIHERBERT,
FERBEFO ARX 3EERTE LTy 7
I HE: (GABA) fERMERBIME= 2 —1
Y OIRERTE T Do XLAG R K HE M E 1
FEREATHE R T AT VERTAL, ARXNOD
RYT I UEFNOMRERTEIMER L 4
bR VHEMEBHERP YA M7, HETAD
A, KEFGEEREZRT, Wb RO
BHIRREEELZON [z 2 — 1 V9]
EXENEY, BNEORE Y YAV ETH
BF a7 vEI— K45 TUBAIA DER
T b MBI A 5T 5 B S BLE IE % 3R
o TUBAIA BB TRNUBRIEETH
D, WABRERREES ZEPBWDT,
EREICHERIDST R TH 5o

V. MERBRBHRERMERBE

periventricular nodular heter-
&l otopia (PNH)

PNH &, BEICIEEEF 20D, —HoO
TR A FEERAL T BN D L < 13

NUBHEERR  Vol66 HITI% 2013 1335 (143)

BB page 46



& 4 o = E B B A R T IR
WEFREERRY, MMEESA> TMMOHS
RFEREOEERDD.

BTHTEOEEIBHZEEL, MEEOHN
BB TIREHE 2D 5 (K4), TA
PAFIESEERTH Y, EEEEIIELT
HMNFEDZ IIERTH Y, BUOIRERK
TN & B IS DOR BB H S\ TR OR]
7 & R0 ik 25 BE LA B IR 0 ST IR E1 R
% 785 5 BEIBICIE# 5T FLNA RS
BERTHY, T0HLBLBETHBY,
FINAWGT 7 F v #&Es VRV ETHBT
4 F3IVARA—FL, FLNABEIZLY
MR RN BT AR X 25
YRR 2 & BB~ OB L ASHLE S 1,
BEPEEINSE, 74 5IVAETIF Y
UHos Ty s BE AL
PNH IZ Ehlers-Danlos JiE B 5 % L& ﬁ%
#9 Bl%, PNH & BN BHRER LA,
W BHEEIER e EE R e iR %2 KT,

V. Z/Mi[E polymicrogyria

Z/NRIENE, FREERICEEIE (RO
ENTREE 7L S AD/NSVEVE L7
RART. MBS AN 2 H A TR
MRI T 5l ) #H A S WRESL K E
FoTROONLEELH LY, HLIBHEE
PRER DL ) RFRAPREDONE Z &34

1336 (144) ANBEHBE Vol.66 TS 2013

H5 Z/\EE
BRI IVETARDEAL, BD OEE HEED
—#BT, BEETRBNC A Y REEFEEL TV,

Y, RORECRY SN ANHEE
ZIROMME & NERI A —REWEE» BT
BT WSV, BIREIRIFRE R L
WE TR L WAL H 540, B
LEOEBNEHRLEE VY ZBO -

EABIET HTREE S Vs R ELL NN E T
57 (B5). EIRIHRESAITIAIL,
FEBOEFNT T A AFIER D 5130,
P TEERFRE & TR RERE B X 206, 1
I, W T OREISHRNTH L. MR
BREEOP TRLIBENIEL, BHNTOH
A MAT T AN A BGIE R 1p36. 3K JIE
BRE, 2211 2REGEBEE L O RBAER
DI A, GPRS6 WA EERERT A
TUBAS, TUBB2B, TUBRB3 7 ¥ D #{zF
ERBEHEINTWEY, BERAHEBISE
Vo BEFIC & o TEEREARS MR X HE
HeRL, RENBEFALNS,

VI. RE#HRKEEM B cobblestone

cortical dysplasia

COHEBR R, S T
PR L2277 TERED SRR IC
HIL 2R TH B, BHES MRI TIRIBD AW
BB LA BLR) 2B 2 2 L, ERERR L /NN



®6 Walker-Warburg iR
JKEESEIC KA BERIA SRR /NMERICIA,
BHYAICESR UARENEFTREZEDS.

[ & ERASREELIGEDH B0, BNTIER
WHEREH VA Pr 74— (ECMD) @
HREFL L, HEEENERLBFRL, 2
BB ES TH Y. HHETITm,
TO% B OIER TTADPAZHRL, KT
EEREERESRFENTH 5, FCMD & 9
EIE O Walker-Warburg fEF B X KN E
O FRE L ANEOILRICImZ, ERL7:
i L NI R R L, iV A ME T 14—
bV EbH5 (F6),

_1 ?Db")‘t—

I AR S M A A B B R A1

EHRZH L BEFRHOMAEDLEIC LT
TEREZ AR BRIC 2 5o BRIETIZME
MR A & 75 L7z iPS M & B v 72T gE%0 i
REHBIHAAON T L, BREBROE
lissangel HG8) L, EH OMiE CIZERE L
BAR TN IC B § 5 SRR e ik & 258 E}fn
# EDIFMIEEIT - TH H GIRICHZE
YALATS

X [

D) ks RIS o5 T HA
ANEREESMEEE 111 1361~1374, 2007

2) Kato M, Dobyns WB : Lissencephaly and the
molecular basis of neuronal migration. Hum Mol
Genet 12 Spec No 1 : R89~96, 2003

3) ML FEHEROBEREO#REBENE
B, /NEMESEOME 36 1 47~57, 2007

4) BRI  RBMEEREEE. ARHEOES
ZHr REMEsOHER - BRI E T MR
T4 AW, %iﬁ%‘]ﬁ, p.232~+249, 2010

5) MEESGIE - BB LR - LA#A@FU/?Z
—“f?ﬁ MEEETAPAENEE A2 —T >

L S EE 42 333~338, 201,0

6) Parrini E, Ramazzotti A, Dobyns WB et al :
Periventricular heterotopia : phenotypic heter-
ogeneity and correlation with Filamin A muta-
tions. Brain 129 : 1892~1906, 2006

7) Leventer RJ, Jansen A, Pilz DT et al : Clinical
and imaging heterogeneity of polymicrogyria :
a study of 328 patients. Brain 133 : 1415~
1427, 2010 ,

8) MR  MRRORE, PRARREI,
migration DEF. ANBMEERE PR L IBEEH,
B, p.30~39, 2008

SR Vol.66 WFIE 2013 1337 (145)

BRI page 48



